Orthotopic liver transplantation (OLT) in rats using a whole or partial graft is an indispensable experimental model for transplantation research, such as studies on graft preservation and ischemia-reperfusion injury 1, 2 , immunological responses 3, 4 , hemodynamics 5, 6 , and small-for-size syndrome 7 . The rat OLT is among the most difficult animal models in experimental surgery and demands advanced microsurgical skills that take a long time to learn. Consequently, the use of this model has been limited. Since the reliability and reproducibility of results are key components of the experiments in which such complex animal models are used, it is essential for surgeons who are involved in rat OLT to be trained in wellstandardized and sophisticated procedures for this model.
. The rat OLT is among the most difficult animal models in experimental surgery and demands advanced microsurgical skills that take a long time to learn. Consequently, the use of this model has been limited. Since the reliability and reproducibility of results are key components of the experiments in which such complex animal models are used, it is essential for surgeons who are involved in rat OLT to be trained in wellstandardized and sophisticated procedures for this model.
While various techniques and modifications of OLT in rats have been reported
8 since the first model was described by Lee et al. 9 in 1973, the elimination of the hepatic arterial reconstruction 10 and the introduction of the cuff anastomosis technique by Kamada et al. 11 were a major advancement in this model, because they simplified the reconstruction procedures to a great degree. In the model by Kamada et al., the hepatic rearterialization was also eliminated. Since rats could survive without hepatic arterial flow after liver transplantation, there was considerable controversy over the value of hepatic arterialization. However, the physiological superiority of the arterialized model has been increasingly acknowledged, especially in terms of preserving the bile duct system 8, 12 and the liver integrity 8, 13, 14 .
In this article, we present detailed surgical procedures for a rat model of OLT with hepatic arterial reconstruction using a 50% partial graft after ex vivo liver resection. The reconstruction procedures for each vessel and the bile duct are performed by the following methods: a 7-0 polypropylene continuous suture for the supra-and infrahepatic vena cava; a cuff technique for the portal vein; and a stent technique for the hepatic artery and the bile duct.
Video Link
The video component of this article can be found at http://www.jove.com/video/4376/ Protocol
Basic Techniques and Common Procedures
1. All procedures are carried out under clean but nonsterile conditions. 2. Once the abdomen of the rat is opened, all procedures are performed under a surgical microscope at a magnification of 16x. Exceptions are the ex vivo liver resection, which is performed at 10x, and the following procedures, which are performed at 25x: insertion of a stent into the bile duct and the hepatic artery, and the reconstruction of the hepatic artery, the infrahepatic vena cava (IHVC), and the bile duct. 3. Cotton swabs are used for gentle manipulation of organs, blunt dissection of tissues, and compression hemostasis. Gauze swabs (5 x 5 cm) soaked with lactated Ringer solution are used to retract the liver or intestines, and to keep organs moist. The Satinsky clamp can be used for retraction of gauze-covered intestines toward the left or the tail of the rat to widen the surgical field around the IHVC. 4. All ligations are performed with a 6-0 silk thread except for the pedicles of liver lobes during ex vivo liver resection, where 4-0 silk threads are used. The ligature can be pulled by a DeBakey Bulldog clamp or other instruments to provide adequate tension to the ligated point so that the second ligature can be made at a distance to the first one, and the division between the two ligated points can be done properly. 5. All intravenous injections are performed through the penile vein. 6. During the reconstruction procedures for the suprahepatic vena cava (SHVC), the portal vein, the hepatic artery, and the bile duct, a small lump of oil-based clay is used to hold a finger ring of a peripheral vascular clamp or a mosquito forceps to keep them fixed in position.
Donor Operation
The schema of the removal of the liver from the donor rat is shown in Figure 2 . This procedure requires approximately 30-35 min.
1. Anesthetize the rat with inhalation of 4 vol% isoflurane in 100% oxygen at a flow rate of 4 L/min for the induction of the anesthesia, and 1.5 vol% at 2 L/min for the maintenance. Inject buprenorphine (0.1 mg/kg) subcutaneously as an analgesic. Place the rat on a heating pad, and fix the upper arms using the magnetic fixator retraction system (Figure 3a) . Shave the fur from the entire abdominal area of the rat, and sterilize the corresponding skin with a povidone-iodine solution. 2. Open the abdomen by a midline incision with bilateral extensions. Place a 5-ml syringe under the back of the rat so that the SHVC is elevated ventrally. Using a mosquito forceps, clamp and pull the xiphoid process toward the head, and apply the subcostal retractors to open the surgical field (Figure 3a ). 3. Dissect the falciform ligament and left triangular ligament. Next, ligate and divide the left phrenic vein. 4. Retract the median and left lateral lobes upward with a wet gauze swab. Using bipolar forceps, coagulate and divide the para-esophageal vessels between the left lateral and anterior caudate lobe. 5. Move the intestines outside the abdomen onto the left side of the rat, and cover them with a wet gauze swab. Retract the right lateral lobe upward with a wet gauze swab. Isolate the IHVC from the retroperitoneal tissue, and ligate the right adrenal vein, which will be divided later just before the graft removal. 6. To insert a stent into the bile duct (Figure 3b): a. Ligate the bile duct at the level of the branching of the gastroduodenal artery. The soft tissues surrounding the bile duct should be preserved as much as possible, and the separation of the bile duct from the hepatic artery should be avoided to secure sufficient arterial blood supply to the bile duct. b. With straight micro scissors, make a small incision in the anterior wall of the bile duct proximal to the ligated point. While holding the anterior wall of the incision with a straight micro forceps in the left hand, insert a stent into the duct using a curved micro forceps in the right hand, and secure it with a 6-0 silk thread. One of the cut ends of the thread on the bile duct is kept at a length of 4 mm so that the thread can be held during the later anastomosis.
7. Liberate the portal vein from the pyloric and splenic veins by ligating and dividing them. 8. Ligate and divide the gastroduodenal artery, then isolate the common hepatic artery (CHA) from the pancreatic head to its root. Rotate the liver to the right with cotton swabs, and dissect the ligament around the back of the liver and esophagus. 9. At the completion of the preparations for liver excision, remove the retractors, the mosquito forceps for the xiphoid process, and the 5-ml syringe under the back of the rat. Return the intestines to the abdominal cavity. 10. Inject 500 IU of Heparin-Natrium in 2 ml of normal saline solution through the penile vein. About 3 min later, reset the 5-ml syringe, the mosquito forceps, and the retractors. Ligate the CHA proximal to its root. Keep one of the cut ends of the thread ligated for the CHA long. 11. After clamping the IHVC close to the right renal vein with a mosquito forceps, clamp the portal vein with a disposable micro vessel clamp below the stump of the splenic vein. Incise the anterior wall of the portal vein, and insert an 18-gauge catheter into the portal vein. 12. Perfuse the liver in situ with 60 ml of cold histidine-tryptophan-ketoglutarate (HTK) solution at a hydrostatic pressure of 20 cm H 2 O.
Immediately afterward, cut the diaphragm and transect the intrathoracic vena cava, and cut the anterior wall of the IHVC open to allow the perfusion solution to be rinsed out of the liver (Figure 3c ). 13. Clamp the IHVC with a disposable micro vessel clamp just below the liver. Excise the liver by dissecting the IHVC slightly below the middle point between the liver and the right renal vein, the portal vein below the stump of the splenic vein, the diaphragm, the remaining ligaments at the back of the liver, the right adrenal vein, and the CHA at its root. Place the excised liver in cold HTK solution in a metal cup mounted in a plastic box full of crushed ice.
Ex vivo Graft Preparation
All procedures for the liver graft are performed in the metal cup filled with ice-cold HTK solution. The ex vivo graft preparation requires approximately 30 min. Fix the liver by clamping both edges of the diaphragm by forceps, and pull the CHA straight by holding the ligated thread with the DeBakey Bulldog clamp (Figure 5a ). With straight micro scissors, make a small incision in the anterior wall of the CHA. With the left hand, hold the anterior wall of the incision with a straight micro forceps, and with the right hand, insert a stent into the CHA using a curved micro forceps.
The stent is previously washed with Heparin-Natrium solution (100 IU/ml) (Figure 5b-d) . Secure the stent with a 6-0 silk thread, and keep one of the cut ends of the thread at a length of 4 mm. Flush the liver through the arterial catheter with 5 ml of cold HTK solution. 3. For 50% liver resection (Figure 6 ): a. Clamp the posterior caudate lobe with a mosquito forceps to fix it in place. Resect the lobe after ligation of its pedicle with a 4-0 silk thread (Figure 7a ). In the same manner, remove the anterior caudate lobe. b. Rotate the plastic box 90 degrees. Clamp the right edge of the diaphragm and the left portion of the median lobe. Make a small incision at the upper edge of the border of the bilateral portions of the median lobe, and then remove the left portion after ligation (Figure 7b ).
Remove the left lateral lobe after ligation of the pedicle with a 4-0 silk thread. Cauterize the resected liver surface carefully with bipolar forceps. As a result, the liver mass is reduced by approximately 50% 15 (Figure 7c, d ).
For plasty of the SHVC (Figure 8):
Fix the position of the liver by clamping both edges of the diaphragm with a mosquito forceps (Figure 8a ). Trim the anterior wall of the SHVC by removing the corresponding diaphragm. Attach two 7-0 polypropylene sutures from the outside to the inside at both corners as stay sutures for the later anastomosis (Figure 8b) . Then trim the posterior wall of the SHVC. 5. Store the liver graft at 4 °C in HTK solution in a cold-water bath.
Recipient Operation
The schema of the graft implantation in the recipient rat is shown in Figure 9 . The recipient operation requires 60-70 min, which includes 10-11 min of anhepatic time and approximately 23-24 min of IHVC clamping time. a. Use a curved micro forceps in the left hand during the suturing procedure for grasping the vessel wall or holding the suturing needle. First, place the stay suture on the recipient SHVC from the inside to the outside by using the attached 7-0 polypropylene at the right corner of the graft followed by tying a knot (or you can tie it after all suturing procedures are complete). Next, place the second stay suture in the same way at the left corner, which will be the starting stitch of a running suture. To widen the anastomosis, grasp and maintain the sutures using DeBakey bulldog clamps at both corners with gentle traction superiolaterally (Figure 11a, b) . b. Pierce the suture at the left corner through the wall on the graft side from the outside to the inside closely to the knot outside, and suture the posterior row of the SHVC intraluminally with 7 to 8 stitches to the right corner (Figure 11c ). Make the first few stitches carefully so that the inside lumens are faced each other. At the right corner, pierce the 7-0 polypropylene through the vessel on the graft side to the outside. c. Next, suture the anterior row from the outside, from right to left, with approximately 10 stitches (Figure 11d) . Before the completion of the anterior row, flush the inside with lactated Ringer solution to remove air bubbles. Make the last stitch at the anterior row as close as possible to the stay suture at the left corner, and then tie them together. (Figure 12 ): a. Retract the median and left lateral lobes upward with a wet gauze swab. Clamp the recipient portal vein at its confluence with the pyloric vein by using a disposable micro vessel clamp from the right. Fix the mosquito forceps that clamps the portal vein in the clay, and pull the tip of the forceps toward the liver hilum (Figure 12a, b) . b. Incise the anterior wall of the portal vein just below the jaw of the mosquito forceps. Wash the inside of the recipient portal vein and the cuff with lactated Ringer solution. Hold the anterior wall of the incision with a straight micro forceps in the left hand and an extension of the cuff with a curved micro forceps in the right hand. Insert the cuff into the recipient portal vein deeply, and secure it with a circumferential 6-0 silk thread (Figure 12c-f) . c. Release the clamps of the portal vein and SHVC, and then reperfuse the liver. Remove the 5-ml syringe from the back of the rat, and increase the concentration of isoflurane to 0.8 vol%.
For the reconstruction of the portal vein by a cuff technique
9. For the reconstruction of the hepatic artery by a stent technique 16 ( Figure 13 ):
a. First, hold the thread of the recipient proper hepatic artery by a mosquito forceps from the left side, and pull it toward the liver hilum, and then clamp the recipient CHA from the right side close to the pancreas (Figure 13a) . b. With a straight micro forceps, make a small incision in the bifurcation of the Y-structure at the end of the recipient CHA to make a funnel-shaped opening. Hold the stent placed in the graft CHA with a curved micro forceps. After washing each lumen with Heparin-10. For the anastomosis of the IHVC by a continuous suture (Figure 14) : Anastomose in the same fashion as for the SHVC, but use more stitches with finer bite (Figure 14a-d) . Tying of the sutures at the last stitch can be eliminated, or tying can be accomplished with a growth factor to avoid the anastomotic stricture caused by tying too tightly. After declamping, increase the concentration of anesthesia to 1.0 vol%. If the anastomosis looks stenotic, dilate the anastomotic site by pulling the bilateral stay sutures or widening the anterior row gently to expand the anastomosis. 11. Administer 0.5 ml of 8.4% sodium bicarbonate solution with 1.0 ml of lactated Ringer solution intravenously. 12. Apply small fragments of Tachosil to seal the resected liver surface to prevent bleeding and biliary leakage. 13. For the reconstruction of the bile duct by a stent technique:
a. Hold the thread of the recipient bile duct by a mosquito forceps from the left side. Fix the mosquito forceps in the clay, and pull the tip of the forceps toward the liver hilum. b. Make a small incision in the bile duct at the appropriate level so that the reconstructed bile duct would not be too long. Insert the stent placed in the graft bile duct into the recipient duct with careful attention to avoid a twist, and secure it with a 6-0 silk thread. Tie this thread on the recipient duct and the 4-mm thread on the graft duct together so that both ducts get closer to each other with reduced tension of the anastomotic site.
14. At the completion of the reconstruction procedures, inject 1 ml of 5% glucose solution intravenously (Figure 15 ). 15. Confirm adequate hemostasis, and then close the abdominal incision by continuous 4-0 Vicryl sutures in two layers.
Postoperative Treatment and Follow-up
Immediately after the operation, treat the recipient rat with a subcutaneous injection of cefuroxime sodium (16 mg/kg) and buprenorphine (0.1 mg/kg) in a total of 1.5 ml of normal saline solution. Allow the rat to recover for 60 min in a special intensive care unit cage with warmed air (30-35 °C) and an oxygen supply. Inject buprenorphine (0.1 mg/kg) subcutaneously as an analgesic every 12 hours for 3 days. Afterward move the rat to a normal cage, and provide ad libitum access to water and food.
Representative Results
All recipient rats (n = 20) survived without apparent complications until planned euthanasia for blood sampling at 1, 3, 24, and 168 hr (7 days) after portal reperfusion (n = 5 at each time point). The blood samples were collected from the IHVC by a direct puncture with a 27-gauge needle.
Following the centrifugation at 5,340 x g for 10 min, the serum samples were obtained and analyzed for alanine aminotransferase (ALT) levels, which reflect the degree of hepatocellular damage after transplantation. The time-course of changes in serum ALT levels is shown in Figure 16 . The ALT levels reached a peak at 24 hr (mean ± standard deviation: 212.6 ± 67.9 IU/L) and then declined to within normal limits at 168 hr (33.6 ± 6.8 IU/L). 
Discussion
The first model of rat OLT was reported by Lee et al. in 1973 9 , in which all vessels including the hepatic artery were reconstructed by a handsewn method and the extracorporeal portosystemic shunt was used. This model was technically complicated and difficult to perform. The next model was one without hepatic arterial reconstruction and the extracorporeal shunt, developed by the same authors 10 . With these modifications, OLT in rats was simplified with a shortened anhepatic time in recipient operations and has been widely used as an accepted experimental model.
However, there has been considerable controversy since then over the significance of hepatic arterialization in rat OLT 8 because the arterialization was a demanding task but did not affect survival after transplantation. Numerous studies on hepatic arterialization using various reconstruction techniques have been reported 8 , such as an aortic segment-to-aorta anastomosis 3, 9, 17 , a cuff anastomosis technique 18, 19, 20 , a telescoping technique 5 , a stent technique 13, 16 , and a sleeve anastomosis technique 12, [21] [22] [23] . While the technique for rat OLT is still not standardized today, the arterialized model has been increasingly favored in terms of its physiological superiority 8, 12, 13, 14 . Among the abovementioned techniques, a stent technique that was simple and fast to perform was reported by Lehmann et al. 16 in 2005. The study showed excellent results: no occlusion rate was observed in the reconstructed hepatic artery at 8 hr, 24 hr, and 6 months after reperfusion. We therefore adopted this technique for hepatic arterialization.
We perform a hand-sewn anastomosis for the reconstruction of the SHVC and IHVC. This method provides the anastomotic site with an optimal physiological condition, which leads to the reduced incidence of thrombosis 8 , and is the best microsurgery simulation and training for surgeons. In addition, the anastomosis can be possible even with short vessel stumps. Concerning the anastomosis of IHVC, this method does not require a long IHVC on the graft side compared with the cuff anastomosis technique. Therefore, when the donor renal vein is dissected to make the graft IHVC long, this method is applicable to transplantation of a small graft that necessitates a long IHVC, such as a 30% graft that consists of right lateral and caudate lobes with a short intrahepatic vena cava without SHVC 2 .
Regarding the techniques of liver resection in rats, to date several methods have been reported; the two major techniques are the classical mass ligature technique and the vessel-oriented technique 24 . We perform the classical ligature technique for 50% liver resection 15 , but under a surgical microscope to make the procedure finer, and to avoid damage to the remaining lobes and structures.
We described the representative results from the recipient rats in our model; the rats survived during the 7-day observation period without apparent complications. The model can be modified for different purposes of experiments by choosing the different settings, such as prolonged cold storage, prolonged warm ischemia that includes donation after cardiac death, and the usage of smaller liver grafts or grafts from experimental models of liver injury or diseases.
In our experience, there are three key factors throughout the procedures that can affect the survival after transplantation, the most reliable parameter for outcomes of rat OLT: the amount of blood loss; the operation time, especially clamping time of the portal vein and IHVC; and the adequacy of the reconstruction of each vessel, which could result in stenosis, thrombosis, or bleeding. In a training period of this model, most of the failures could probably be related to those factors. In this video article, we present step-by-step instructions for the surgical procedures for our rat model of partial OLT with hepatic arterial reconstruction. While a rat model of OLT is complicated and requires advanced microsurgical skills, this article provides plenty of practical information, which should serve as a good guide for the training and learning of this model. Learning this model efficiently is particularly important for shortening the learning period, reducing the number of animals and costs needed for practice, and later reproducing reliable results in experiments. This is in line with the 3Rs concept (replacement, reduction, and refinement) of animal experiments, which was postulated by Russell and Burch in 1959 25 .
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